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-LINKED ADRENOLEUKODYSTRO-
phy (X-ALD)! was first de-
scribed in Germany by Sie-
merling and Creutzfeld in
1923.2 They named it “Bronzekrankheit
und Sklerosierende Encephalitis” be-
cause of the unique combination of pri-
mary adrenal insufficiency with an in-
flammatory demyelinating process that
affects the cerebral hemispheres. In Vi-
enna, Paul Schilder provided a de-
tailed description of the neuropathol-
ogy,”> which led to its designation as
“Schilder’s disease.” X-linkage was pro-
posed in 1963 on the basis of pedigree
analysis.” The name “adrenoleukodys-
trophy” was introduced 1970 by Mi-
chael Blaw and is now generally used.’
Until 1976, X-ALD was thought of
as a poorly understood and very rare
disorder that affected boys with inexo-
rably progressive neurological and be-
havioral deficits that led to death within
a few years. Since then, the biochemi-
cal and genetic basis of X-ALD have
been defined; it occurs more fre-
quently, the range of phenotypic ex-
pression is wider than had been recog-
nized, and methods of prevention and
therapy are emerging.

Biochemistry and Genetics

In 1976 Igarashi and colleagues® made
the seminal observation that saturated
very long chain fatty acids (VLCFAs),
such as hexacosanoic acid (C26:0), ac-
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X-linked adrenoleukodystrophy (X-ALD), which was first described in 1923,
was viewed until 1976 as a rare and inexorably fatal neurodegenerative dis-
order that affected boys. The genetic defect and biochemical abnormalities
have now been defined. Ongoing research has resulted in new findings: (1)
there is a wide range of phenotypic expression. At least half of patients with
X-ALD are adults with somewhat milder manifestations, and women who
are carriers may become symptomatic. X-ALD is often misdiagnosed as at-
tention-deficit/hyperactivity disorder in boys and as multiple sclerosis in men
and women, and is not an uncommon cause of Addison disease; (2) the in-
cidence of X-ALD, estimated to be 1:17 000 in all ethnic groups, approxi-
mates that of phenylketonuria; (3) noninvasive and presymptomatic diag-
nosis and prenatal diagnosis are available; family screening and genetic
counseling are key to disease prevention; and (4) new therapies, applied early,
show promise. Neonatal screening is likely to become available, and a wider
awareness of X-ALD and its various modes of presentation permit new pro-

active approaches to this distressing disorder.
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cumulate in the postmortem brain and
adrenal tissue of patients with X-
ALD.® It was shown later that this ex-
cess is also present in plasma.” The ca-
pacity to degrade VLCFA, a reaction
that takes place in the peroxisome, is
impaired in patients with X-ALD.! The
defective gene in X-ALD that maps to
X(q28 and codes for a peroxisomal
membrane protein (ALDP) is a mem-
ber of a large family of proteins re-
ferred to as the “ATP binding cassette
(ABC) transporters,” specifically
ABCDI.% More than 500 different mu-
tations of ABCD1 have been identified
in patients with X-ALD (updated peri-
odically on the X-linked Adrenoleuko-
dystrophy Database Web site [avail-
able at: www.x-ald.nl]).

The overall frequency of X-ALD is es-
timated to be 1:17 000.° close to that of
phenylketonuria (1:14 000). All eth-
nic groups are affected, with no appar-
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ent difference in frequency. Our labo-
ratory has identified 1441 kindreds with
3831 affected males and 3356 women
who are heterozygous for X-ALD.
Markedly different phenotypes often co-
occur within a family. No correlation
has been demonstrated between phe-
notype and the ABCDI mutation.

Phenotypes

Until 1976, the inflammatory demyelin-
ative process that involved the cerebral
hemispheres in young and adolescent
boys was the only X-ALD phenotype
generally recognized. In 1976, Budka
and associates' and Griffin et al'! inde-
pendently and simultaneously re-
ported a form of X-ALD that presents as
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aslowly progressive paraparesis in adults
and is now referred to as “adrenomy-
eloneuropathy” (AMN). The pathologi-
cal basis of AMN is a noninflammatory
distal axonopathy that involves the long
tracts of the spinal cord and, to a lesser
extent, the peripheral nerves.'? Adreno-
myeloneuropathy confined to the spi-
nal cord tracts and peripheral nerves and
without radiological evidence of dif-
fuse cerebral involvement® is referred
to as “pure AMN.” Approximately 20%
of patients with pure AMN also de-
velop inflammatory cerebral involve-
ment. This group is referred to as “AMN-
cerebral.” X-ALD can also manifest as
Addison disease without evidence of
neurological involvement. Such pa-
tients are referred to as the “Addison-
only” phenotype.

The TABLE shows the great variabil-
ity of phenotypic expression as well as
the wide range of disorders for which
X-ALD has been mistaken. In children
and adolescents, it is often misdiag-
nosed as an attention-deficit/hyperac-
tivity disorder (ADHD), and in adults as
multiple sclerosis. Screening for VLCFA
in at-risk relatives is identifying an in-
creasing number of asymptomatic males
with X-ALD.” Women who are carriers
may develop an AMN-like syndrome,
but cerebral involvement and adrenal in-
sufficiency are rare."”

Diagnosis

In the past, the diagnosis of X-ALD had
often been delayed, at times until a de-
cade or more after symptoms began or
even not until after death. This is un-
fortunate, because therapies could have
been offered, and the opportunity for
timely genetic counseling was lost. Lack
of awareness of X-ALD and of the wide
range of the phenotypic expression of
X-ALD has been the most frequent
cause of delay.

The plasma VLCFA assay’ is the rec-
ommended diagnostic procedure in
males. Plasma VLCFA levels are in-
creased on the day of birth. The assay
provides a rapid distinction between X-
ALD and all other conditions it can
mimic. It is particularly important that
the assay be performed in all males with
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idiopathic Addison disease and in men
with progressive paraparesis. The early
symptoms of childhood cerebral ALD are
difficult to distinguish from the much
more frequent ADHD. While it is not
practical to screen all boys with ADHD
for X-ALD, the assay should be per-
formed when there are unusual or pro-
gressive features. It is crucially impor-
tant to screen at-risk family members of
known patients with X-ALD. This screen
should include the extended family—
hundreds of asymptomatic boys have
been identified in this way.’

Plasma VLCFA levels are increased
in women who are heterozygous for
X-ALD, but false-negative test results can
occur. DNA-based diagnosis in carriers
is reliable'® and is recommended as the
diagnostic assay in women. After the
DNA mutation in an X-ALD kindred has
been defined, heterozygotes can be iden-
tified accurately and rapidly by deter-
mining whether the mutation is pre-
sent in at-risk women. Levels of VLCFA
are increased in cultured amniocytes and
chorion villus cells, which has permit-
ted prenatal identification of hundreds
of affected male fetuses,'” but confirma-
tion by DNA analysis is recommended.

Brain magnetic resonance imaging
(MRI)!® often shows characteristic, but
not totally specific, changes in the ce-
rebral forms of X-ALD. Brain MRI is of-
ten normal in patients with pure AMN
and in heterozygotes." Spinal cord MRI
in patients with AMN shows nonspe-
cific cord atrophy, but magnetization
transfer permits quantification.'

Treatment

Three modes of therapy are available at
this time. They improve the prognosis
of X-ALD significantly when offered in
the early stages of the illness, but a de-
finitive cure does not yet exist.
Adrenal Replacement Therapy. Ad-
renal hormone replacement therapy
must be provided for the more than 70%
of male X-ALD patients who have ad-
renal insufficiency. Patients with im-
paired adrenal reserve can be identified
and treated at 6 to 12 months of age.”
This can prevent a potentially life-
threatening adrenal crisis, which in the
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past contributed to significant morbid-
ity and mortality, and improves gen-
eral strength and well-being. However,
there is currently no definitive evi-
dence that steroid replacement therapy
slows neurological progression.

Lorenzo’s Oil Therapy. Lorenzo’s oil
is a 4:1 mixture of glyceryl-trioleate and
glyceryl-trierucate, which normalizes
plasma VLCFA levels in X-ALD pa-
tients within 4 weeks.”! While Loren-
z0’s oil therapy does not alter the pro-
gression after the onset of cerebral
disease, recent data suggest that it may
significantly reduce the risk of devel-
oping cerebral disease.? Carefully su-
pervised Lorenzo’s oil therapy is rec-
ommended for asymptomatic boys with
X-ALD who have a normal MRI re-
sult, particularly those who are younger
than 8 years, and can now be provided
as part of a research protocol. This must
be combined with adrenal hormone re-
placement therapy as indicated and
monitoring of brain MRI. Patients who
show early evidence of cerebral involve-
ment should be considered for hema-
topoietic stem cell transplantation
(HSCT).» A placebo-controlled trial
evaluating therapeutic efficacy of Loren-
z0’s oil in patients with pure AMN is
now in progress.

Hematopoietic Stem Cell Trans-
plantation. Hematopoietic stem cell
transplantation has been shown to be
of long-term benefit in the inflamma-
tory cerebral forms of X-ALD.** Peters
etal” have analyzed the outcome in 126
patients and found that this varied
greatly with the severity of the process
at the time of HSCT. An excellent
outcome (92% 5-year survival) was
achieved in boys in whom the involve-
ment was still mild (performance 1Q
>80 and limited MRI abnormality).
For patients with more advanced dis-
ease, the mortality and quality of life
outcomes were unfavorable and the
procedure is not recommended. It is
also not recommended for asymptom-
atic patients with normal MRI find-
ings, because half of them may never
develop the cerebral forms of X-ALD
(it is not known whether HSCT ben-
efits patients with pure AMN). The
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Table. X-Linked Adrenoleukodystrophy (X-ALD) Phenotypes

Symptoms/ Age at Misdiagnosed Diagnostic Follow-up Recommended
Phenotypes  Total ALD, % Signs Presentation, y as Test Tests Therapy
Males
Asymptomatic  Increasing None 0to=10 Normal VLCFA in relatives of ~ Monitor MRI and Lorenzo’s oil,
(MRI normal) X-ALD patients adrenal function; adrenal HRT
family screening
Asymptomatic  Increasing None (cognition 2t0 =10 Other white matter VLCFA, brain MRI Neurological and HSCT, adrenal HRT
(MRI normal) disorders neuropsychological
abnormal) testing, adrenal
function
Addison disease 20 (decreases  Primary 0to=10 Other causes of Addison  VLCFA Monitor MRI, Lorenzo’s oil,
only (MRI with age) adrenocortical disease neurological and adrenal HRT
normal) insufficiency, neuropsychological
normal testing
neurology,
MRI normal
Addison disease 1 Primary Oto=10 Other causes of Addison  VLCFA, brain MRI Neurological and HSCT, adrenal HRT
only (MRI adrenocortical disease neuropsychological
abnormal) insufficiency testing, MRI
Cerebral (mild) 45 Behavior changes,  3-10 (common) ADHD, psychological VLCFA, brain MRI Neurological and HSCT, adrenal HRT
without AMN* school failure, 11-21 (intermediate) disorder, Asperger neuropsychological
dementia, =21 (rare) syndrome, autism testing, family
audiovisual screening, adrenal
function
Cerebral (severe) 2-3 Dementia, 5 to adulthood Other neurodegenerative  VLCFA, brain MRI Adrenal function, Adrenal HRT,
without AMN* psychoses, diseases, brain tumor, neurological and general support
paralysis, psychosis, epilepsy neuropsychological
epilepsy, loss of testing, family
vision, loss of screening
speech, bulbar
palsy
Pure AMNt 35 Paraparesis, 28 (SD,9) Multiple sclerosis, VLCFA Brain MRI, adrenal Adrenal HRT,
sphincter progressive spastic function, MTS, possibly
disturbances, paraparesis, cervical SSEP, family Lorenzo’s oil,
sensory spondylosis, screening physical therapy
changes, osteoarthritis, back
incoordination, injury, ALS, “triple A
pain, impotence syndrome”'*
Cerebral AMNt 15 (increases  Like pure AMN plus 28 (SD, 9) Other causes, VLCFA, brain MRI As in pure AMN plus  Adrenal HRT,
with age) dementia, dementia, other neurological and general support,
behavioral neurodegenerative neuropsychological possibly HSCT§
disturbances, diseases, brain tumor, testing, EEG,
psychosis, schizophrenia, psychiatry, family
epilepsy, Alzheimer disease, screening
aphasia, visual cerebrovascular
loss, bulbar palsy disease, epilepsy,
alcoholism, drug
dependency
Cerebellar 2-3 Ataxia, brainstem Childhood; Olivopontocerebellar VLCFA, brain MRI Adrenal function, Adrenal HRT,
adolescence degeneration neurological physical therapy
testing, family
screening
Females Heterozygous for ALD
Asymptomatic 50 (estimated)® None Any age DNA (VLCFA)|| Neurological Genetic counseling,
(normal examination and general support
neurology) adrenal function,
monitor MR,
family screening
Heterozygotes 50 (estimated)’® Paraparesis, Rare in women Multiple sclerosis, spastic  DNA (VLCFA)|| Adrenal function, Genetic counseling,
(symptoms or sphincter younger than 30 y paraparesis, peripheral MTS, SSEP, physical therapy,
neurological disturbances, leg neuropathy, cervical family screening adrenal HRT,
abnormalities) pain, sensory spondylosis, back possibly
disturbances, injury, arthritis, Lorenzo’s oil,
incoordination, herniated disk general support
fatigue

Abbreviations: ADHD, attention-deficit/nyperactivity disorder; ALS, amyotrophic lateral sclerosis; DNA, ABCD7 mutation analysis; AMN, adrenomyeloneuropathy; EEG, electroencepha-
logram; HRT, hormone replacement therapy; HSCT, hematopoietic stem cell transplant; MRI, magnetic resonance imaging; MTS, magnetization transfer MRI cervical cord; SSEP,
somatosensory evoked potential; VLCFA, very long chain fatty acids assay in plasma.

*See Peters et al* for distinction between mild and severe cerebral forms.

1See text for distinction between pure and cerebral AMN.

FPlacebo-controlled trial in progress.

§HSCT being considered for mild cerebral AMN.
|IFalse-negative test results can occur.
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“window of opportunity” for HSCT is
narrow. Half or more of the patients
with cerebral forms who are diag-
nosed when they became symptom-
atic no longer meet the criteria for
HSCT at diagnosis. Neurologically
asymptomatic boys who are identified
by screening at-risk relatives of known
patients or those with idiopathic Ad-
dison disease have the best chance of
benefiting from HSCT.

Prevention

In the absence of a definitive treat-
ment strategy, timely identification of
carriers and genetic counseling are im-
perative. Women heterozygous for X-
ALD can be identified accurately by mu-
tation analysis or pedigree analysis
(daughters of X-ALD men are obligate
heterozygotes). Studies of chorion vil-
lus sampling or amniocentesis permit

accurate prenatal identification of af-
fected male fetuses. Preimplantation di-
agnosis of X-ALD is now available and
offers an important new alternative for
women who are carriers.

Future Directions

Unlike many other inherited meta-
bolic disorders, X-ALD does not com-
promise cognitive development®’;
hence, appropriate management im-
proves the chances of a meaningful and
productive life. This, combined with the
severity of the untreated illness, the en-
couraging effects of therapy applied in
the early stages, and its relatively high
incidence,’” provides compelling ratio-
nale for neonatal screening. Methods to
accomplish this are now under inves-
tigation and are likely to become avail-
able. New methods of therapy, such as
gene therapy and new pharmacologi-

cal approaches, are being developed and
some are being tested in animal mod-
els. Neonatal screening will make it pos-
sible to provide therapies to all pa-
tients before their nervous system has
been damaged. Advances in therapy and
prevention are taking place concur-
rently and will lessen the burden of this
devastating disorder.

Financial Disclosures: None reported.
Funding/Support: This work was supported by grant
685-008 from the Office of Orphan Drug Products
of the Food and Drug Administration, Rockville, Md;
the Johns Hopkins University School of Medicine Gen-
eral Clinical Research Center grant MO-1-R00052 from
the National Center for Research Resources/
National Institutes of Health, Bethesda, Md; grants
HD10981 and HD39276 from the National Institutes
of Health, Bethesda, Md; and grants from the Myelin
Project, Dunn Loring, MD, and the United Leukodys-
trophy Foundation.

Role of the Sponsors: The sponsors did not partici-
pate in the design and conduct of the study; in the
collection, analysis, and interpretation of the data; or
in the preparation, review, or approval of the manu-
script.

REFERENCES

1. Moser HW, Smith KD, Watkins PA, Powers J, Moser
AB. X-linked adrenoleukodystrophy. In: Scriver CR,
Beaudet AL, Sly WS, Valle D, eds. The Metabolic and
Molecular Bases of Inherited Disease. New York, NY:
McGraw Hill; 2001:3257-3301.

2. Siemerling E, Creutzfeldt HG. Bronzekrankheit und
sklerosierende Encephalomyelitis. Arch Psychiatr
Nervkrankh. 1923;68:217-244.

3. Schilder P. Zur Kentniss der sogenannten diffusen
Sklerose. Z Ges Neurol Psychiatr. 1912;10:1-60.

4. Fanconi A, Prader A, Isler W, Luthy F, Sieben-
mann R. Morbus Addison mit Hirnsklerose im Kindes-
alter: ein hereditaeres Syndrom mit X-chromosoma-
ler Vererbung? Helv Paediatr Acta. 1963;18:480-501.
5. Blaw ME. Melanodermic type leucodystrophy
(adrenoleukodystropy). In: Vinken PJ, Bruyn GWE, eds.
Leucodystrophies and Poliodystrophies. Amster-
dam, the Netherlands: North Holland Publishing Co;
1970:128-133.

6. Igarashi M, Schaumburg HH, Powers J, Kishmoto
Y, Kolodny E, Suzuki K. Fatty acid abnormality in
adrenoleukodystrophy. J Neurochem. 1976;26:
851-860.

7. Moser AB, Kreiter N, Bezman L, et al. Plasma very
long chain fatty acids in 3,000 peroxisome disease pa-
tients and 29,000 controls. Ann Neurol. 1999;45:
100-110.

8. Mosser J, Douar AM, Sarde CO, et al. Putative X-
linked adrenoleukodystrophy gene shares unex-
pected homology with ABC transporters. Nature. 1993;
361:726-730.

3134 JAMA, December 28, 2005—Vol 294, No. 24 (Reprinted)

9. Bezman L, Moser AB, Raymond GV, et al. Adre-
noleukodystrophy: incidence, new mutation rate, and
results of extended family screening. Ann Neurol. 2001;
49:512-517.

10. Budka H, Sluga E, Heiss WD. Spastic paraplegia
associated with Addison's disease: adult variant of
adreno-leukodystrophy. J Neurol. 1976;213:237-250.
11. Griffin JW, Goren E, Schaumburg H, Engel WK,
Loriaux L. Adrenomyeloneuropathy: a probable vari-
ant of adrenoleukodystrophy, I: clinical and endocri-
nologic aspects. Neurology. 1977;27:1107-1113.
12. Powers JM, DeCiero DP, Ito M, Moser AB, Moser
HW. Adrenomyeloneuropathy: a neuropathologic re-
view featuring its noninflammatory myelopathy. J Neu-
ropathol Exp Neurol. 2000;59:89-102.

13. Loes DJ, Fatemi A, Melhem ER, et al. Analysis of
MRI patterns aids prediction of progression in X-linked
adrenoleukodystrophy. Neurology.2003;61:369-374.
14. Houlden H, Smith S, De Carvalho M, et al. Clini-
cal and genetic characterization of families with triple
A (Aligrove) syndrome. Brain. 2002;125:2681-2690.
15. FatemiA, Barker PB, Ulug AM, etal. MRI and pro-
ton MRSI in women heterozygous for X-linked
adrenoleukodystrophy. Neurology. 2003;60:1301-1307.
16. Boehm CD, Cutting GR, Lachtermacher MB, Moser
HW, Chong SS. Accurate DNA-based diagnostic and
carrier testing for X-linked adrenoleukodystrophy. Mol
Genet Metab. 1999;66:128-136.

17. Moser AB, Moser HW. The prenatal diagnosis of
X-linked adrenoleukodystrophy. Prenat Diagn. 1999;
19:46-48.

Downloaded From: http://jama.jamanetwork.com/ by a University of Toledo LibrariesUser on 09/07/2012

18. Kumar AJ, Rosenbaum AE, Naidu S, et al. Adre-
noleukodystrophy: correlating MR imaging with CT.
Radiology. 1987;165:497-504.

19. Fatemi A, Smith SA, Dubey P, et al. Magnetiza-
tion transfer MRI demonstrates spinal cord pathol-
ogy in adrenomyeloneuropathy. Neurology. 2005;64:
1739-1745.

20. Dubey P, Raymond G, Moser AB, Kharkar S, Bez-
man L, Moser HW. Adrenal insufficiency in asymp-
tomatic adrenoleukodystrophy patients identified by
very long chain fatty acid screening. J Pediatr. 2005;
146:528-532.

21. Rizzo WB, Leshner RT, Odone A, et al. Dietary
erucic acid therapy for X-linked adrenoleukodystrophy.
Neurology. 1989;39:1415-1422.

22. Moser HW, Raymond GV, Lu SE, et al. Follow-
up of 89 asymptomatic patients with adrenoleuko-
dystrophy treated with Lorenzo's oil. Arch Neurol.
2005;62:1073-1080.

23. Peters C, Charnas LR, Tan Y, et al. Cerebral X-
linked adrenoleukodystrophy: the international he-
matopoietic cell transplantation experience from 1982
to 1999. Blood. 2004;104:881-888.

24. Shapiro E, Krivit W, Lockman L, et al. Long-term
effect of bone-marrow transplantation for childhood-
onset cerebral X-linked adrenoleukodystrophy. Lancet.
2000;356:713-718.

25. Cox C, Dubey P, Raymond GV, Mahmood A,
Moser AB, Moser HW. Cognitive function of neuro-
logically asymptomatic boys with X-linked
adrenoleukodystrophy. Arch Neurol. In press.

©2005 American Medical Association. All rights reserved.



